Epidemiological studies have shown that shift work is a risk factor for cardiovascular disease (CVD) (1) (2) (3) (4) (5) (6) (7) (8) . Assessing cardiovascular function by non-invasive methods is becoming increasingly popular and impaired endothelial function has been reported to be a good early predictor for CVD risk (9) . Flow-mediated dilatation (FMD) using ultrasound (10) to assess endothelial function has been shown to be lower in populations with diabetes or coronary heart disease than healthy populations (11) . Another indicator of cardiovascular function, heart rate variability (HRV) (12) is commonly assessed by time-domain measures derived from an electrocardiogram (ECG) [eg, the standard deviation (SD) of the normal-to-normal (NN) interval between QRS complexes (SDNN)]. In addition, the cardiac sympathetic/parasympathetic balance, is thought to be reflected in the low frequency/high frequency (LF/HF) ratio. A lower variance (eg, lower SDNN) in the ECG and a shift towards a higher LF/HF ratio (ie, higher sympathetic and/or lower parasympathetic activation) has been strongly associated with CVD and related conditions such as stress, metabolic syndrome, and diabetes (12) (13) (14) (15) (16) (17) (18) .
Few studies have investigated endothelial function among shift workers. One field study has shown lower FMD among experienced shift workers (19) . By contrast, HRV has been assessed more frequently in field studies of shift workers (20) with studies predominantly showing a shift in the sympathetic/parasympathetic balance. It is not known, however, what aspects of shift work are causative. For example, it is still not clear how many years of shift work are needed before these changes become apparent. In addition, it is thought that the risk for CVD among shift workers may depend on the extent of circadian misalignment and sleep deprivation (21) . Although it is thought that sleep deprivation and the risk for CVD are linked (22, 23) , only a few studies have reported higher sympathetic activity and decreased vasodilatation during and after (partial) sleep deprivation (24) (25) (26) .
Previous studies have often been confounded by differences in body posture, physical activity, stress levels, sleep opportunity, and circadian phase between conditions as well as a poor description of the shift work population and lack of an appropriate non-shift work control group. This has made it unclear whether the observations are due to confounding factors, chronic effects of shift work, or acute sleep deprivation per se. Moreover, to date, shift workers have not been compared directly to non-shift workers in the same study, endothelial function under these conditions has not been assessed by the gold standard ultrasound method, and HRV parameters in the time domain have not been reported widely. Finally, the effectiveness of interventions such as a recovery nap and recovery sleep to counteract the cardiovascular consequences of sleep deprivation after a night shift, have rarely been investigated.
The aim of this study was to investigate the effect of one night of total sleep deprivation, a recovery nap, and recovery sleep on FMD and HRV in controlled laboratory conditions and to assess the responses of experienced shift compared to non-shift workers in the same study. It was hypothesized that exposure to shift work would decrease the ability of the cardiovascular system to cope with sleep deprivation, as both shift work and sleep deprivation have been shown to have a negative impact on aspects of cardiovascular function.
Methods
The protocol has been described in detail elsewhere (27) . A brief summary and details of procedures specific for this report (HRV and FMD) are presented.
Procedures
The University of Surrey Ethics Committee gave approval for all aspects of this study and the study was conducted in accordance with the Helsinki Declaration of 1975, as revised in 2000. All volunteer information was kept coded and held in strictest confidence. All participants gave written informed consent.
Screening
Pre-study screening and the laboratory part of the study took place in the clinical investigation unit at the University of Surrey. Participants were free of any medical conditions (eg, they were not hypertensive) and medication known to affect cardiovascular, metabolic, gastrointestinal, or immune function (including overthe-counter medication). Participants did not suffer from sleep, depression, or anxiety disorders as confirmed by the self-reported pre-study questionnaires and written confirmation from their general practitioner. All participants were currently non-smokers and did not consume >15 units of alcohol a week (recommended maximum intake in the UK is 21 units per week for men). A urine screen confirmed all subjects were negative for drugs of abuse at the time of recruitment and during the study.
Participants
Male shift and non-shift workers aged between 25-45 years were recruited. Shift workers were required to have a cumulative shift work history of ≥5 years, working either permanent nights or rotating shifts with ≥3 night shifts per month. Of the shift workers that participated in the study, 8 worked in the public and 3 in the private sector. One of the shift workers had finished shift work 18 months prior to the start of the study. Shift schedules were not controlled for before imposition of the regular sleep-wake cycle the week prior to the laboratory study (see below). The group of shift workers consisted of 3 night shift workers and 8 rotating shift workers [N=3 on a 2-shift system (days and nights), N=2 on a backward-rotating system and N=3 on a forwardrotating system]. Demographics of the 25 participants (14 non-shift and 11 shift workers) are shown in table 1.
Pre-laboratory session
In order to ensure entrained circadian rhythms (especially important for the shift workers to avoid any acute effects of shift work-related circadian misalignment) and minimize sleep debt, volunteers were asked to keep a regular, self-selected sleep-wake cycle (28) with a nocturnal sleep duration of 7.5 or 8 hours, 8 days prior to the laboratory study. Participants thus scheduled either day work or days off prior to the study. This was confirmed with a timestamped voicemail, L-actiwatches (Cambridge Neurotechnology, Cambridge, UK), and sleep diaries (29). The participants' self-selected mean bed time, wake-up time, and sleep duration the week prior to the study were similar among shift workers (23:24, SD 00:36 hours; 07:12, SD 00:36 hours; and 07:54, SD 00:12 hours, respectively) and non-shift workers (23:18, SD 00:24 hours; 07:12, SD 00:30 hours; and 07:54, SD 00:12 hours, respectively).
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Two days prior to the laboratory study, participants were asked to refrain from heavy exercise and substances that affect FMD and HRV such as alcohol and caffeine (30, 31) and food and drinks high in antioxidants (30) and nitrites/nitrates (31) .
Laboratory session
Volunteers spent four days and nights in the clinical investigation unit (figure 1). After an adaptation night and baseline night (sleep equal to habitual sleep, 7.5 or 8 hours), subjects were required to stay awake for 30.5 hours until their 4-hour recovery nap, as a proxy for a night shift and subsequent sleep period. This was followed by recovery sleep at habitual bed time. During wake time, subjects were continually monitored by staff. Polysomnography was used to assess wakefulness during the sleep deprivation period post hoc. In order to control for inter-individual differences in circadian phase, all interventions and measurements were scheduled relative to each participant's self-selected wake-up time, which can be used as a proxy for circadian phase (32) .
Body posture was controlled throughout the study. During assigned periods, subjects were asked to remain in a semi-recumbent position in bed. The semi-recumbent periods were the sleep and sleep deprivation periods and 4-hour periods each afternoon (ie, from 6.5-10.5 hours after wake time). In addition, every day 0.25, 4.25, 11.5, 12.5, and 13.5 hours after habitual wake-up time, the subjects were required to sit still for ≥15 minutes for assessments. For ≥5 minutes before and during each ultrasound recording, subjects were supine. Physical activity was further restricted during blood and saliva sampling (completed regularly for 5.75 hours from wake time and for 4 hours before bed time) as changes in body posture may influence saliva melatonin concentrations (33) .
All subjects received the same standard meals throughout the study and were not allowed any food or drinks except for water between meals. The entire study was conducted in dim light (<8 lux in the direction of gaze) apart from darkness (0 lux) during the sleep periods. Light levels were regularly checked with a calibrated lux meter (Edmund Optics, York, UK). Temperature in the clinical investigation unit was set at 20°C.
Assessment of circadian phase
Saliva was collected into scintillation vials (PerkinElmer, Beaconsfield, UK) every 30 minutes for 4 hours before the participants' self-selected bed time. Salivary melatonin concentrations were measured on the evening before baseline sleep according to an established protocol (34) . The average limit of detection for the saliva melatonin assay was 1.5, SD 1.2 pg/ml (N=5). The inter-assay coefficients of variation were 15.9, 13.0, and 7.7% for quality control samples with 7.1 (N=6), 19.5 (N=6), and 44.1 pg/ ml (N=5) melatonin, respectively. Dim light melatonin onset (DLMO) as a marker of circadian phase (32, 35, 36) was determined for each subject as the time that the melatonin level exceeded the calculated threshold of >2 SD from the mean basal concentration (32) . The DLMO could not be assessed for one shift worker due to elevated melatonin concentrations in the first saliva samples.
Ultrasound recordings
High-resolution recordings with an ultrasound machine (Acuson Aspen, Siemens, Bracknell, Berkshire, UK) were used to assess endothelial function by FMD at 0.75 and 10.75 hours after habitual wake-up time on each of the four study days. The method used in our laboratory (30, 31) was adapted from Donald et al (37, 38) and conducted in accordance with guidelines from the International Brachial Reactivity Task Force (39) . Once the participant was supine and after a 5-minute rest, an 11-minute recording (Brachial Imager TM , Iowa City, Iowa, USA) was started, capturing 220 ECG-triggered images of the brachial artery 5-10 cm above the antecubital fossa (during 1-minute rest, 5-minute occlusion, and 5-minute returning to rest). A second operator made changes in contrast and brightness during the recording if necessary.
The brachial artery diameter was determined within a region of interest for each of the 220 frames using edge detection software (Brachial Analyzer TM ). A fit of >80% was aimed for and any falsely tracked edges were rejected. Maximum %FMD was then calculated by the average of the 3 highest consecutive values for the diameter during and after cuff deflation as a percentage change from the average of 20 frames of resting diameters. The analysis was carried out by two experienced operators. Thus, this study used several standards to decrease variability and increase reproducibility such as brachial diameter calculation using 220 frames, ECG-triggered images, marking of the ultrasound probe location on the arm, and having the same operator set up and conduct the recording [as also suggested in methodological reviews by the Brachial Reactivity Task Force (39) and Stout (40) ]. The intra-subject coefficients of variation averaged for all subjects for the morning and afternoon resting diameters were 2.9 and 3.3%, respectively. These values were similar to an earlier reproducibility assessment by Walters et al (31) . Some of the FMD data (7.3%) were not usable because of missing data or low-quality recordings.
HRV
The ECG was derived from two positions: right midclavicular and around 6 cm under the left arm pit. The ECG electrodes were connected to a wireless polysomographic system (Siesta EEG/PSG recorder, Compumedics Ltd, Abbotsford, Victoria, Australia) and the ECG was continuously recorded at 256 Hz with ProFusion PSG 2 (version 2.1 build 134, Compumedics Ltd). The acquired data were converted into European data format and imported into Somnologica Studio (version 5.0.1 build 1662, Embla, supplied by Stowood Scientific Instruments Ltd, Oxford, UK) for further analysis. A value for each HRV parameter was generated every 5 minutes within a chosen analysis window. HRV was assessed at set periods. On each of the four study days, 5-minute analysis windows were chosen 0.25, 4.25, 11.5, 12.5, and 13.5 hours after habitual wake-up time when the subjects were required to be semi-recumbent for other assessments. During the sleep deprivation night, data over 6.5 hours were split into 13 × 30-minute analysis periods (each period generating a value by averaging 6 × 5-minute analysis intervals) starting 17 hours after habitual wake-up time. The detection of QRS complexes was automatically done using Somnologica algorithm settings: (i) 5-minute analysis bins, (ii) data were relative to each subject's self-selected wake time.
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5 SD from the mean of the preceding 5 seconds of data were considered as potential R-tops, (iii) a minimum 5 consecutive R-tops were needed for a valid sequence, (iv) an output sampling rate of 1 Hz was used, and (v) minimum and maximum heart rate were set at 25 and 350 beats per minute, respectively, in compliance with the task force recommendations (12) . Correct detection was manually confirmed and falsely detected QRS complexes (artifacts) were removed (<1% of the analysis period for the daytime assessments and <3% for the sleep deprivation night). A HRV report based on the artifact-free data was automatically generated containing the following parameters: NN interval (interval between adjacent QRS complexes), square root of the mean of the sum of the squares of , and LF/HF. All 13 analysis bins for the sleep deprivation night were complete apart from one non-shift worker whose NN-interval data were excluded as an outlier (>2.3 SD from the mean). For the 5-minute analysis bins, some data were missing and some bins were considered outliers according to the same criteria (total missing values comprised <7% of the dataset).
Statistical analysis
The average DLMO among shift and non-shift workers was compared using an independent two-tailed Student's T-test. The HRV assessments during the sleep deprivation night were analyzed using twofactor ANOVA [factors "time" (13 levels) and "group" (shift and non-shift workers)] (SPSS 16, SPSS Inc, IBM company, Chicago, Illinois, USA). If applicable, P-values were Greenhouse-Geisser-adjusted when Mauchly's test for sphericity was significant.
A mixed-model regression analysis was conducted in SAS 9.1 (TS level 1M3) (SAS Institute Inc, Cary, NC, USA) for the daytime FMD and HRV assessments. The repeated-measures model determined main effects (group, day, and time) and all interactions between them, using the Prasad-Rao-Jeske-Kackar-Harville fixedeffects method, with a variance components covariance structure and the Kenward-Roger method for calculating degrees of freedom. The data after adaptation sleep were excluded from the analyses. To locate post hoc differences between days and time points, least squares means were calculated and t-type confidence limits were constructed for each of the least squares means. Figure 2 shows the average melatonin profiles for shift and non-shift workers on the evening before baseline sleep. The time of onset of the melatonin rhythm was not significantly different among shift workers [DLMO 21.1, standard error of the mean (SEM) 0.2 hours], compared to non-shift workers (DLMO 21.2, SEM 0.2 hours). The time interval (phase angle) between melatonin onset and self-selected bed time was also not significantly different between the shift (2.2, SEM 0.1 hours) and non-shift workers (2.1, SEM 0.2 hours).
Results

Assessment of circadian phase
Percent flow-mediated dilatation
There was no significant effect of day or time or day × time interaction on the resting brachial diameter. There was a significant effect of group (F 1,127 =10.2, P<0.01), however, with a significantly higher resting diameter among shift compared to non-shift workers. Body weight as a random effect was significantly associated with resting diameter (P<0.001) and the observed effect of group on resting diameter became statistically non-significant when body weight was used as a random effect.
The %FMD among both shift and non-shift workers in the morning and afternoon is shown in figure 3 . There were no significant effects of day, time, group, or interactions on %FMD. A trend for a group effect, however, was observed (F 1,127 =3.0, P=0.08) with a lower %FMD among shift compared to non-shift workers.
Heart rate variability during total sleep deprivation
The SDNN index and LF/HF ratio during total sleep deprivation are shown in figure 4 . Average values for the other HRV parameters across the total sleep deprivation night are shown in table 2. There was a significant effect of time of day on SDNN (F 4.6,106 =8.9, P<0.001), VLF (F 7.1,164 =11.1, P<0.001), LF (F 5.6,129 = 2.7, P<0.05), and TP (F 6.6,151 =11.5, P<0.001) with the values increasing throughout the night of total sleep deprivation. There were no significant effects of group, time, or interactions on any of the other HRV parameters.
Heart rate variability across the study days
The SDNN and LF/HF ratio after baseline sleep, during and after sleep deprivation, and after recovery sleep are shown in figure 5 . Although for completeness the data during sleep deprivation are shown again in figure 5 , the statistical analysis mentioned hereafter only includes the 5 × 5-minute daytime points after baseline sleep, total sleep deprivation, and recovery sleep. There was a significant effect of group (F 1,325 =12.9, P<0.001) and a significant day × time interaction (F 8,325 =2.0, P<0.05) on SDNN. SDNN was significantly lower among shift compared to non-shift workers (P<0.001). The most consistent observation emerging from the day × time interaction was that SDNN following a night of sleep deprivation (0.25 hours after habitual wake up time) was significantly higher than at all other time points (P<0.001 for all points apart from 0.25 hours after waking following baseline sleep which was P<0.01) (figure 5a).
There was also a significant effect of group (F 1,311 =5.5, P<0.05) and time of day (F 4,311 =8.6, P<0.001) on LF/HF, which was significantly higher among shift than non-shift workers (P<0.05). LF/HF was significantly higher 13.5 hours after waking than at 4.25 hours after waking and significantly higher at 13.5, 12.5, and 4.25 hours than at 11.5 and 0.25 hours after waking (figure 5b).
Most of the other HRV parameters also showed significant effects of group, day and time. The pNN50 showed the same effects as SDNN. The RMSSD, SDSD, and NN were significantly lower after recovery sleep compared to baseline sleep and total sleep deprivation. In addition, RMSSD and SDSD were significantly lower among shift than non-shift workers. NN was higher at 0.25 hours after waking than at all other time points and higher at 11.5 hours than at 4.25, 12.5, and 13.5 hours after waking. LF norm had the same significant effects as LF/HF and estimates for the effects were in the same direction, whereas HF norm showed a time × group interaction. The VLF, LF, HF, and TP were lower after recovery sleep compared to baseline sleep and total sleep deprivation. These parameters also showed a significant effect of time of day with higher values at 0.25 hours after waking than at all other time points and higher values at 4.25 and 11.5 hours than at 12.5 and 13.5 hours in most cases.
Discussion
The present study investigated the effects of sleep deprivation and recovery sleep on FMD and HRV in controlled laboratory conditions. For the first time, experienced shift workers were compared directly to non-shift workers matched for age, body mass index, and cholesterol levels in an identical laboratory setting with strict control of body posture, physical activity, meals, circadian phase, and ambient lighting. Although the shift schedule was not controlled for prior to the laboratory study, participants were asked to keep a regular sleep-wake cycle (7.5 or 8 hours nocturnal sleep) for 8 days before the laboratory session. No significant difference between the DLMO among shift and non-shift workers confirmed that the participants' circadian phase was controlled in the study. The shift workers were normally entrained to the light-dark cycle showing comparable phase angles between DLMO and bedtime compared to the non-shift workers and to previous reports among healthy young volunteers (32). All
Wehrens et al the FMD and HRV measurements were thus taken at a similar circadian phase for all subjects and therefore any observed group differences are unlikely to be due to differences in circadian timing.
The results showed a trend towards a lower FMD among the shift workers. This finding is in agreement with a field study by Amir and colleagues (19) showing that baseline FMD was significantly lower among physicians who had worked shifts for >3 years compared to those with a shorter shift work history. These findings indicate a higher sympathetic tone among shift workers as reduced vasodilatation can result from acute sympathetic stimulation (41) (42) (43) . Shift and non-shift workers also showed significant differences in HRV parameters: SDNN, RMSSD, and SDSD were significantly lower and LF/HF was significantly higher among the shift workers. Lower SDNN, RMSSD, and SDSD reflect a lower variance and higher LF/HF indicates higher sympathetic and/or lower parasympathetic activity, both factors being associated with a higher risk of CVD (13, 15, 17) . The current findings thus support the idea of increased cardiovascular risk among shift workers. Previous studies have shown that normalized LF power or LF/HF is higher on night duty than when off duty and asleep at night (44) (45) (46) (47) (48) (49) and is higher on days including a night shift compared to days including a morning shift (50) . Normalized LF power or LF/HF has also been shown to be higher among shift compared to non-shift workers when both groups work day shifts (51, 52) or are asleep at home (53) . One study of shift workers found lower SDNN and RMSDD during a night shift compared to sleep at night (45) . By contrast, some studies have not been able to show this association between higher LF/HF and lower variability and shift work (54) (55) (56) . The current study confirmed that these predominant observations of higher LF/HF or normalized LF power and lower variance are also detectable among shift workers studied in a controlled laboratory setting. In addition to differences between the groups, the HRV data also showed significant effects of time of day. Changes within a day and circadian rhythms with peaks in the early morning have been previously reported in LF, HF (57) , and SDNN (57-59), but not in other HRV parameters such as LF/HF (57, 58). This study aimed not only to compare shift and nonshift workers but also to investigate the effects of sleep deprivation and recovery sleep on FMD and HRV. In contrast to previous studies (19, 24) , the current study did not find a significant decrease in FMD after total sleep deprivation. Sauvet et al (24) observed a decreased cutaneous vascular conductance after 29 hours of total sleep deprivation (by both endothelium-dependent and endothelium-independent vasodilatation) but not after 35 hours when assessed by endothelium-dependent vasodilatation. In our study, FMD was measured after 24.75 hours of total sleep deprivation and after 34.75 hours following total sleep deprivation plus a 4-hour nap. This may be one reason for the differences in the findings between the two studies. Moreover, discrepancies between the studies could be due to other methodological differences (eg, circadian phase and physical activity was controlled for in this study). In addition, Sauvet et al (24) used a method that is substantially different from the ultrasound technique employed in our study as they did not assess flow-mediated dilatation in the main blood vessels but rather cutaneous microcirculation using the technique of iontophoresis-induced dilatation. The HRV parameters, however, showed significant differences across study days. The significantly higher SDNN observed following a night of sleep deprivation is in agreement with a study from Viola et al (58) . A few studies have reported significantly higher LF/HF and/or normalized LF power (24) (25) (26) , a longer NN interval (60) , and a lower NN50 (46) during and after total and partial sleep deprivation. Other studies, however, have found no difference in HRV parameters in these conditions (61, 62) . The current study showed lower RMSSD and SDSD after recovery sleep indicating lower variance and a decrease in NN-interval throughout the study. These changes after recovery sleep parallel our postprandial metabolism data obtained in the same protocol (27) , where significant changes in basal and postprandial metabolic and insulin responses were also observed after recovery sleep. Another study also found significant increases in intercellular adhesion molecule-1, interleukin-6, and norepinephrine after recovery sleep but not after total sleep deprivation, which may play a role in alterations in the sympathetic/parasympathetic balance and vascular tone (24) . A longer period of recovery sleep would therefore be needed to investigate further the time course of these observed changes following recovery sleep.
Differences in cardiovascular function between the shift and non-shift workers were observed despite the fact that screening parameters (eg, cholesterol and body mass index) were not significantly different between the two groups. FMD and HRV measurements may thus be more sensitive in detecting early cardiovascular alterations. A previous study has also proposed that attenuated FMD may predict cardiovascular dysfunction (63) . Both the FMD and HRV data suggest that shift workers exert The standard deviation of the normal-to normal interval between QRS complexes (SDNN) and (B) low frequency/high frequency (LF/HF) ratio (mean and standard error of the mean) among non-shift (•) and shift workers (○) 0.25, 4.25, 11.5, 12.5, and 13.5 hours after habitual wake time following baseline sleep, total sleep deprivation and recovery sleep. N=14 for non-shift workers and N=11 for shift workers.
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higher levels of sympathetic activity/lower parasympathetic activity on the cardiovascular system contributing to their increased cardiovascular risk. To further investigate this mechanism, it would be of interest to assess other markers of sympathetic activity such as the catecholamines in these groups. The reliability of these assessments, however, has been questioned and thus they cannot replace spectral analysis of HRV as the method of choice to assess autonomic function. It is not possible to extract a single cause for the observed differences between the shift and non-shift workers. The long-term effects of shift work may be a plausible explanation as all shift workers in the current study had worked shifts for ≥5 years. In addition, repeated sleep deprivation and/or circadian misalignment of rhythms in HRV and endothelial function with the imposed lifestyle (eg, sleep-wake cycle and physical activity) among unadapted shift workers could contribute to the effect of shift work duration on HRV.
In conclusion, group differences between shift and non-shift workers were observed. Shift workers showed a trend for a lower FMD and a significantly higher LF/ HF ratio, suggesting higher sympathetic and/or lower parasympathetic activity. In addition, they displayed significantly lower HR variance (lower SDNN, RMSSD, and SDSD). Whether these HRV changes reflect the increased CVD risk reported in this group requires further study.
